In a previous study of ours, the superoxide scavenging activity of aqueous extracts from dinophycean red tide flagellates was detected by an electron spin resonance (ESR)-spin trapping method, but not by an L-012 (luminol analog)-dependent chemiluminescence (CL) method. To investigate the discrepancy between the two methods, the effect of ferric-protein complexes on superoxide scavenging activity was examined. The reduced signal intensity of 5,5-dimethyl-1-pyrroline-Noxide (DMPO)-OOH due to superoxide dismutase (SOD) did not change with the addition of horseradish peroxidase (HRP), while the reduced CL response due to SOD was restored by the addition of different concentrations of HRP. Since HRP is a ferric-protein complex, the effects of other ferric-protein complexes, catalase and hemoglobin, on the reduced CL response due to SOD were examined, and similar results were obtained. As is the case with SOD, the reduced CL response activity due to an aqueous extract from a raphidophycean red tide flagellate, Chattonella ovata, was also enhanced by HRP, catalase, and hemoglobin. ESR spectra analyzed at 77 K indicated that aqueous extracts of Gymnodinium impudicum and Alexandrium affine, both of which are dinophycean red tide flagellates, contained a ferric-protein complex, and that an extract of C. ovata did not. These results suggest that the presence of such a ferric-protein complex is a causative factor in the discrepancy between the ESR and luminol CL methods when determining superoxide scavenging activity.
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Several species of marine plankton have been identified as causative organisms of red tide.
1,2) Among them, raphidophycean flagellate Chattonella spp. have been found to generate reactive oxygen species (ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals, under normal culture conditions. [3] [4] [5] [6] [7] [8] [9] Since ROS have potentially deleterious effects on biological systems due to damage to proteins, lipids, and nucleic acids, and are generally considered to be toxic to living organisms, [10] [11] [12] [13] [14] the ROS generated by Chattonella spp. might be one of the causative factors in the toxic effects of red tide. Indeed, ROS generated by C. ovata exhibited toxic effects on cultured fish under laboratory conditions, 15) and Heterosigma akashiwo, which also belongs to the raphidophycean flagellates, has been reported to have an ROS-mediated toxic effect on rainbow trout. 16) In addition, it has been found that C. marina and H. akashiwo produce potent radical scavengers against superoxide. 17) That is, aqueous extracts from C. marina and H. akashiwo showed scavenging activity against superoxide generated enzymatically by a hypoxanthine (HPX)-xanthine oxidase (XOD) system. The production of superoxide-scavenging substances by these flagellates is thought to be a self-defense mechanism against self-production of ROS.
In a previous study, we found by applying the ESRspin trapping method that some dinophycean red tide plankton species, such as Gymnodinium spp., Scrippsiella trochoidea, and Karenia sp., produce superoxide scavengers, 18, 19) but our study also showed that the superoxide scavenging activity of these dinophycean red tide flagellates could not be detected by a chemiluminescenece (CL) method in which L-012 was used as an analog of luminol. 18) In a further study with a dinophycean flagellate, Alexandrium affine, although weak activity was detected by the CL method, the activity detected by the ESR-spin trapping method was potent (E. Sato et al., unpublished results). The discrepancy between the two methods might be due to the existence of substances that augment the CL response in aqueous extracts from dinophycean red tide flagellates. It has been reported that a luminol CL response was augmented by the presence of hydrogen peroxide and peroxidase, 20, 21) and the HPX-XOD system is known to produce not only superoxide but also hydrogen peroxide. 22) Hence there is a possibility that peroxidase might cause an augmented CL response. Since peroxidase is a ferricprotein complex, we examined the effect of ferricprotein complexes on the L-012 CL response in the HPX-XOD system, and we discuss a possible mechanism to account for the discrepancy between the two methods.
Materials and Methods
Reagents. Reagents were purchased from the following sources: 8-amino-5-chloro-7-phenylpyrido [3,4- Pure Chemical Industries (Osaka, Japan); xanthine oxidase (XOD from cow's milk) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) from Labotec (Tokyo); hypoxanthine (HPX) and superoxide dismutase (SOD from bovine erythrocytes, product no. S5395) from Sigma-Aldrich (St. Louis, MO); and hemoglobin in ferric form from Tokyo Chemical Industry (Tokyo). All other reagents used were of analytical grade. remove substances such as phosphate-metal complex that were attached to the glass walls, thoroughly rinsed with re-distilled water, and then precombusted at 190 C for 1 h. To obtain a maximum gross of flagellates, each culture medium was modified as describe below. For the dinophycean red tide flagellates G. impudicum and A. affine, 45 mg of NaNO 3 , 4 mg of NaH 2 PO 4 . 2H 2 O, 0.21 mg of Fe-EDTA, 0.17 mg of Mn-EDTA, 0.12 mg of CoCl 2 . 6H 2 O, 0.5 mg of EDTA . 2Na, and 1 ml of vitamin mixture (0.1 mg of thiamine, 0.1 mg of Ca-pantothenate, 10 ng of p-aminobenzoic acid, 1 ng of biotine, 5 mg of inositol, 3 mg of thymine, 1 ng of vitamin B 12 , and 2 ng of folic acid) were added to 1,000 ml of glassfiltered natural seawater, which was heated at 75 C for 2 h. For the raphidophycean red tide flagellate C. ovata, 170 mg of NaNO 3 , 15.6 mg of NaH 2 PO 4 . 2H 2 O, 0.84 mg of Fe-EDTA, 0.69 mg of Mn-EDTA, 0.24 mg of CoCl 2 . 6H 2 O, 1 mg of H 2 SeO 3 , 2 mg of EDTA . 2Na, and 1 ml of vitamin mixture (0.1 mg of thiamine, 0.1 mg of Ca-pantothenate, 10 ng of p-aminobenzoic acid, 1 ng of biotine, 5 mg of inositol, 3 mg of thymine, 1 ng of vitamin B 12 , and 2 ng of folic acid) were added to 1,000 ml of glassfiltered natural seawater, which was heated at 75 C for 2 h. Then 125 ml of the medium and 0.4 ml of 2% (w/v) streptomycin solution were added to a 250-ml culture flask, and 2 ml of stock culture of the isolated strains was inoculated. Cultures were conducted at 22 C under 120 mmolÁm À2 Ás À1 illumination with a cycle of 16 h light and 8 h dark for 10-14 d. The final yield of each culture reached approximately 3 Â 10 4 cells/ml. Cells of flagellates were counted with a Sedgewick-Rafter chamber under a light microscope. Then the chlorophyll content of each flagellate culture was measured. The procedure for chlorophyll determination of the culture was identical to that described in our previous paper. 18) Preparation of aqueous extract. After adjusting the chlorophyll concentration to 60 mg/ml by adding pure water, the cells were ruptured by pipetting, followed by 10 times repeated ultrasound treatments of 1 min each at 4 C. The treated suspension was then centrifuged at 15,000 rpm for 5 min, and the supernatant was used as the aqueous extract.
Chemiluminescent (CL) determinations of superoxide generated by hypoxanthine (HPX)-xanthine oxidase (XOD) cell-free system. The HPX-XOD reaction was applied for superoxide generation. L-012 is an analog of luminol, and the luminol-CL reaction has been well documented. 23) A reaction mixture containing 10 ml of 2 mM L-012 solution, 50 ml of 0.6 mM EDTA in 0.2 M TrisHCl buffer (pH 7.6), 10 ml of 20 mU/ml of XOD in 0.2 M Tris-HCl buffer containing 0.6 mM EDTA, 20 ml of pure water, and 10 ml of sample or solvent (50 mM Tris-HCl buffer) alone was dispensed into a '1:6 cm Â 1:0 cm petri dish. The samples were prepared by mixing 90 ml of different concentrations of SOD or of aqueous extract from C. ovata, and 10 ml of different concentrations of HRP, catalase, or hemoglobin. After preincubation for 1 min at 25 C, the reaction was triggered by the addition of 100 ml of 1 mM HPX, and the CL intensity was recorded continuously for 5 min using a CLA-210 Chemiluminescence analyzer (Tohoku Electronic Industrial, Sendai, Japan), and the intensity, cumulative over 5 min, was expressed as total counts. In the experiment in which the effect of dimethyl sulfoxide (DMSO), a potent hydroxyl radical scavenger, was examined, 10 ml of DMSO was added to the reaction mixture, instead of 10 ml of sample or solvent alone.
Electron spin resonance (ESR)-spin trapping determinations of superoxide generated by the HPX-XOD cell-free system. The assay used in this study was essentially identical to that described in our previous papers. 18, 19, 24, 25) In the assay, the concentration of XOD was about 100 times higher than in the L-012-dependent CL method due to the high sensitivity of the latter method. In brief, 50 ml of 2 mM HPX, 30 ml of DMSO, and 50 ml of sample or solvent (0.1 M phosphate buffer, pH 7.4) alone, 20 ml of 4.5 M DMPO, and 50 ml of 0.4 U/ml XOD were placed in a test tube and mixed. The samples were prepared by mixing 180 ml of different concentrations of SOD or of aqueous extract from C. ovata, and 20 ml of different concentrations of HRP, catalase, or hemoglobin. In the reaction mixture, to eliminate the effect of the hydroxyl radical, DMSO was added as a hydroxyl radical-scavenger. The mixture was transferred to an ESR spectrometry cell, and the DMPO-OOH spin adduct was quantified 97 s after the addition of XOD. The measurement conditions for ESR (JES-FA-100, JEOL, Tokyo) were as follows: field sweep, 330.50-340.50 mT; field modulation frequency, 100 kHz; field modulation width, 0.07 mT; amplitude, 200; sweep time, 2 min; time constant, 0.1 s; microwave frequency, 9.420 GHz; microwave power, 4 mW. Signal intensities were evaluated from the peak height of the first signal of the DMPO-OOH spin adduct.
Electron spin resonance (ESR) determinations of ferric-protein complexes. Each aqueous extract was lyophilized, and 100 mg of each sample (C. ovata, 3.13 mg chlorophyll eq./100 mg; G. impudicum, 2.66 mg chlorophyll eq./100 mg; A. affine, 2.76 mg chlorophyll eq./ 100 mg) in a sample tube ('4 mm Â 30 cm) was placed at 77 K in the ESR spectrometer. ESR measurement was conduced under the following conditions: field sweep, 336 AE 250 mT; field modulation frequency, 100 kHz; field modulation width, 0.6 mT; amplitude, 5 or 50; sweep time, 4 min; microwave frequency, 9.10 GHz; microwave power, 4 mW.
Results and Discussion
The ESR-spin trapping method was employed for detection of enzymatical superoxide generation by the HPX-XOD cell-free system. As shown in Fig. 1A , a signal of DMPO-OOH (a spin adduct of DMPO and superoxide) was observed, indicating that superoxide was generated by the HPX-XOD system. Then the L-012-dependent CL method, which has been used as a highly sensitive CL assay to detect superoxide, 26) was applied in the HPX-XOD system. As shown in Fig. 1B , when HPX was added to the reaction mixture, a rapid CL response was observed. Moreover, the CL response was reduced by the presence of SOD in an activitydependent manner, indicating that the CL response was at least in part induced by superoxide.
Next, to determine whether HRP attenuates the activity of SOD, the effects of HRP on the signal intensity of DMPO-OOH under the ESR-spin trapping method and the CL response under the L-012 dependent CL method were examined. Figure 2A shows representative ESR spectra of DMPO-OOH, demonstrating the effect of HRP on SOD activity. Since the signal intensity of DMPO-OOH was reduced by SOD, and the reduced intensity did change with the addition of different concentrations of HRP (Fig. 2B) , it is suggested that HRP does not affect the activity of SOD. In contrast, the CL response was reduced by SOD, but the reduced response was restored by the addition of different concentrations of HRP (Fig. 3A, B) . It has been reported that a luminol CL response was augmented by the presence of hydrogen peroxide and peroxidase, 20, 21) and HPX-XOD systems are known to produce not only superoxide but also hydrogen peroxide. 22) Therefore, the activity of SOD measured by the L-012 dependent CL method was concealed, most likely by the enhanced CL response due to HRP. These results clearly indicate that the discrepancy in the activity of SOD as between the ESR-spin trapping method and the L-012-dependent CL method might be caused by the presence of HRP in the HPX-XOD system. Since HRP is a ferric-protein complex, other ferric-protein complexes, such as catalase and hemoglobin in the ferric form, might have a similar effect. Hence we examined the effects of catalase and hemoglobin on the reduced CL response due to SOD (Fig. 4) . As was the case with HRP, the reduced CL response due to SOD was restored by the addition of catalase and hemoglobin. Furthermore, we examined the effects of HRP, catalase, and hemoglobin on the reduced No signal of a ferric-protein complex was observed in the ESR spectrum in the aqueous extract from Chattonella ovata (spectrum amplified 50 times). Each solid circle indicates the signal corresponding to the ferric-protein complex.
CL response due to the aqueous extract from C. ovata (Fig. 5) . Similarly to the case of SOD activity, the relative intensity of CL was enhanced by the addition of any of the ferric-protein complexes. The mechanism by which the luminol CL response is enhanced in the presence of HRP and hydrogen peroxide has been investigated in detail. 20) That is, one-and two-electron oxidations of luminol by the reaction of HRP and hydrogen peroxide yield azaquinone, and resulting azaquinone reacts with hydrogen peroxide to form aminophtalic acid in an excited form, which then emits light. In this system, compound I and compound II form a luminol radical, which in turn become azaquinone through a dismutation reaction. In the case of catalase, compound I is also involved in the formation of the luminol radical. 27 ) Therefore, at least the involvement of compound I appears to be common to the cases of HRP and catalase. More fundamentally, Hodgson and Fridovich 23) proposed the following reaction scheme: The luminol monoanion reacts with Fe 3þ to yield Fe 2þ and a luminol radical. The resulting luminol radical reacts with O 2 to yield oxidized luminol and superoxide. Superoxide reacts with the luminol radical to yield an endoperoxide, which then decomposes into an electronically excited aminophtalic acid, which then emits light. Hence it appears that the presence of a ferric-protein complex conceals the SOD activity when measured by the L-012 CL method. Therefore, one of the possibilities as to the discrepancy in superoxide scavenging activity as between the two methods is the presence of a ferricprotein complex.
To examine the presence of a ferric-protein complex in the aqueous extracts of dinophycean flagellates G. impudicum and A. affine, the ESR spectra were analyzed at 77 K with an ESR spectrometer. As shown in Fig. 6 , small peak signals were observed at g values 5.133 and 5.102 in G. impudicum and A. affine respectively, but no such peak was observed in C. ovata. In ferric-protein complexes such as HRP, the ground state is composed of a high spin state, S ¼ 5=2. [28] [29] [30] The S ¼ 5=2 of iron(III) complexes exhibits a wide range of physical properties, such as ESR effective g values of 4.2-5.8. [31] [32] [33] [34] [35] [36] Hence it is suggested that aqueous extracts from G. impudicum and A. affine contain a ferricprotein complex while the extract from C. ovata does not. These results indicate that one of the possibilities as to the discrepancy between the luminol-CL method and the ESR-spin trapping method is the existence of a ferric-protein complex such as peroxidase, catalase, or hemoglobin in extracts from the dinophycean red tide flagellate. In addition, as in the Fenton reaction, 37) transition elements, such as Fe 2þ and Cu þ , are known to generate hydroxyl radicals when they react with hydrogen peroxide. [37] [38] [39] Hence we examined whether the hydroxyl radical is involved in the increased CL response. When a potent scavenger of the hydroxyl radical, dimethyl sulfoxide (DMSO), was added to the HPX-XOD system, the signal intensities of DMPO-OH (an adduct of DMPO and hydroxyl radical) fell, but those of DMPO-OOH did not (Fig. 7A) , indicating that the hydroxyl radical was scavenged by DMSO. Under the L-012 dependent CL method, the addition of DMSO resulted in a reduced CL response (Fig. 7B) , indicating that not only superoxide but also the hydroxyl radical is involved in the CL response. These results suggest that the existence of transition elements can also be a causative factor in the discrepancy between the luminol-CL method and the ESR-spin trapping method. Further study is required of the involvement of transition elements.
